Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a negative regulator of phosphatidylinositol 3-kinase (PI3K) signaling that is frequently inactivated in colorectal cancer through mutation, loss of heterozygosity, or epigenetic mechanisms. The aim of this study was to determine the effect of intestinal-specific PTEN inactivation on intestinal epithelial homeostasis and tumorigenesis. PTEN was deleted specifically in the intestinal epithelium, by crossing PTEN Lox/Lox mice with villin Cre mice. PTEN was robustly expressed in the intestinal epithelium and maximally in the differentiated cell compartment. Targeted inactivation of PTEN in the intestinal epithelium of PTEN
/villin
Cre mice was confirmed by genotyping, immunohistochemistry, and qPCR. While intestinalspecific PTEN deletion did not have a major effect on cell fate determination or proliferation in the small intestine, it did increase phosphorylated (p) protein kinase B (AKT) expression in the intestinal epithelium, and 19% of animals developed small intestinal adenomas and adenocarcinomas at 12 mo of age. These tumors demonstrated pAKT and nuclear ␤-catenin staining, indicating simultaneous activation of the PI3K/AKT and Wnt signaling pathways. These findings demonstrate that, while PTEN inactivation alone has a minimal effect on intestinal homeostasis, it can facilitate tumor promotion upon deregulation of ␤-catenin/TCF signaling, further establishing PTEN as a bona fide tumor suppressor gene in intestinal cancer.
phosphatase and tensin homolog deleted on chromosome ten; intestine; cancer; colon PHOSPHATASE AND TENSIN HOMOLOG deleted on chromosome 10 (PTEN) is a dual-specificity phosphatase located at 10q23, with both protein and lipid phosphatase activity. PTEN acts as a negative regulator of the phosphatidylinositol 3-kinase (PI3K) signaling pathway by dephosphorylating phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) at the D3 position to generate phosphatidylinositol bisphosphate (PIP 2 ). Individuals with germline mutations in PTEN develop a number of autosomal dominant syndromes, including Cowden's disease where patients are predisposed to developing tumors in the breast, thyroid, endometrium, and kidney (11). Cowden's disease patients also develop multiple hamartomatous (nonmalignant) polyps in the gastrointestinal tract, although occasional hyperplastic, inflammatory, and adenomatous polyps have also been described (5) .
The PI3K signaling pathway is constitutively activated in a large number of tumors, including colon cancers, and contributes to tumorigenesis through activation of downstream proproliferative and prosurvival targets, including protein kinase B (AKT), mammalian target of rapamycin (mTOR), forkhead box O, glycogen synthase kinase 3␤, p27, and BAD (29) . PTEN-mediated conversion of PIP 3 to PIP 2 antagonizes PIP 3 -mediated activation of PDK1 and subsequent downstream activation of AKT and mTOR (29) . In colon cancer cells, PTEN overexpression inhibits cell growth and promotes apoptosis (23), whereas PTEN knock down promotes cell growth, survival, and epithelial mesenchymal transition (1) . PTEN loss has also been reported to facilitate cancer progression in other ways, including increased genomic instability, increased stem cell self renewal, and promotion of cellular senescence and metastasis (29) .
Inactivating PTEN mutations are found at high rates in androgen-independent prostate cancer (ϳ50%), glioblastoma multiform (ϳ20%), and endometrioid adenocarcinoma (30 -80%) and at lower rates in a range of other malignancies (3). Inactivating mutations in PTEN are relatively rare in sporadic colon cancer, with the exception of MSI-High colon cancers where an 18% mutation rate has been reported (9, 25) . These mutations occur primarily in two poly(A) 6 repeat elements in exons 7 and 8 of the PTEN gene. Loss of PTEN due to allelic loss (2, 30) , and epigenetic inactivation of the PTEN promoter (8), has also been described in colon cancer. Notably, loss of PTEN expression and activating mutations in PIK3CA occur in a mutually exclusive manner (7), suggesting that constitutive activation of PI3K signaling is the major mechanism by which PTEN loss facilitates colorectal tumorigenesis. In addition to facilitating tumor cell growth and survival, PTEN loss has also been linked to intrinsic resistance to the epidermal growth factor receptor inhibitors cetuximab and panitumumab (6, 13) , used in the treatment of advanced colon cancer.
To determine the role of PTEN in intestinal homeostasis and tumorigenesis in vivo, we used the Cre-Lox strategy to specifically inactivate PTEN in the intestinal epithelium. While PTEN deletion had minimal effects on intestinal homeostasis, 19% of mice developed intestinal tumors, including adenocarcinomas, albeit with a long latency. These tumors displayed robust expression of phosphorylated (p) AKT and nuclear ␤-catenin, indicating simultaneous activation of PI3K/AKT and Wnt signaling. The long latency of tumor onset, and the presence of nuclear ␤-catenin in tumors derived from PTENdeficient animals, implies that PTEN loss facilitates tumor progression upon stochastic activation of Wnt signaling. Isolation of intestinal epithelial cells. Epithelial cells from the jejunum and colon of wild-type (WT) and PTEN-deleted mice were extracted by opening the jejunum longitudinally, washing in PBS, and incubating for 15 min in 15 mM EDTA. Sequential isolation of cells along the crypt-villus axis was performed as previously described (18) . qPCR analysis. RNA isolation was performed using the High Pure RNA isolation kit from Roche Diagnostics (Indianapolis, IN). Reverse Transcription was performed using the Superscript III cDNA synthesis kit from Invitrogen (Carlsbad, CA) using 1 g of total RNA. Quantitative real-time PCR was performed using the Fast Start Universal SYBR Green master mix from Roche, on a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA). Primers used were as follows: mouse PTEN (exon 5 specific) forward: TGGGGAAGTAAGGACCA-GAG and reverse: GGCAGACCACAAACTGAGGA; mouse ␤-tubulin forward: AAACAGCACAGCCATCCAG and reverse: GCTTCGGT-GAACTCCATCTC; human PTEN forward: ACGACGGGAAGA-CAAGTTCA and reverse: AGGTTTCCTCTGGTCCTGGT; and human actin forward: CACCTTCACCGTTCCAGTTT and reverse: GAT-GAGATTGGCATGGCTTT.
METHODS

Generation of PTEN
Protein preparation and Western blot. Protein isolation, Western blotting, and signal detection were performed as previously described (17) . Anti-PTEN antibody was obtained from Cell Signaling (Danvers, MA), anti-KRT8 from Novus Biologicals (Littleton, CO), antiactin from Sigma-Aldrich (St. Louis, MO), and anti-GAPDH from Abcam (Cambridge, UK).
5=-Bromo-2=-deoxyuridine staining. The rate of intestinal cell proliferation was determined by injecting the mice with a mixture of 5=-fluoro-2=-deoxyuridine (12 mg/kg) and 5=-bromo-2=-deoxyuridine (BrdU, 120 mg/kg), in PBS, 2 h before death. The jejunum and distal colon were fixed in 10% buffered formalin and paraffin embedded. BrdU positivity was determined immunohistochemically using a BrdU staining kit (Calbiochem) and quantified by computing the percentage of BrdU-positive cells relative to the total number of cells per crypt in 10 crypts per mouse.
Immunohistochemistry. Immunohistochemistry was performed as previously described (27) . Anti-PTEN and anti-pAKT antibodies were obtained from Cell Signaling, and anti-␤-catenin was obtained from BD Transduction Laboratories (Lexington, KY). Anti-chromagranin antibody was obtained from Abcam and anti-lysozyme from Thermo Scientific (Rockford, IL). Monoclonal isotype control antibodies were from Dako (Glostrup, Denmark).
Alkaline phosphatase activity. Alkaline phosphatase activity was measured according to the method of Young et al. (28) using pnitrophenyl phosphate (Sigma) as substrate. The reaction was terminated with 0.05 M sodium hydroxide, and alkaline phosphatase activity was measured spectrophotometrically at 400 nM, against a p-nitrophenol (Sigma) standard curve. Results were expressed as milliunits per milligram protein.
RESULTS
Intestinal-specific deletion of PTEN.
To directly determine the function of PTEN on the maintenance of intestinal epithelial cell homeostasis and tumorigenesis, we used a Cre-Lox strategy to delete exon 5 of the PTEN gene, specifically in intestinal epithelial cells. Deletion of exon 5, which encodes the phosphatase domain of PTEN, results in the generation of an out-of-frame protein product and in a premature stop codon. PTEN Lox/Lox mice were crossed with villin Cre mice, which express Cre recombinase specifically in intestinal epithelial cells, including the stem cell compartment (16) .
To determine the specificity of PTEN deletion in the intestinal epithelium, DNA was extracted from a number of tissues, and the presence of the deleted PTEN allele was detected by PCR. As shown in Fig. 1A , the presence of the deleted allele was observed in epithelial cells isolated from the jejunum, cecum, and colon but not in other tissues examined. To further confirm PTEN deletion in the intestinal epithelium, we examined PTEN expression in the jejunum of WT and PTEN Lox/Lox /villin Cre mice by immunohistochemistry. In WT mice, PTEN was robustly expressed along the entire length of the crypt-villus axis, with elevated expression at the crypt-villus interface. In contrast, in PTEN Lox/Lox /villin Cre mice, PTEN expression in intestinal epithelial cells was markedly reduced (Fig. 1B) 
, C and D).
Because PTEN is a negative regulator of PI3K/AKT signaling, we also determined the effect of intestinal-specific PTEN inactivation on pAKT levels by immunohistochemistry. As shown in Fig. 1E Fig. 2A , PTEN expression in all cell fractions was confirmed, with highest expression in cells isolated from the differentiated compartment (fractions 1-7) . Validation of the fractionation method is shown by the decreasing gradient of activity of the cell differentiation marker, alkaline phosphatase, from fractions 1 through 10 ( Fig. 2B) . Second, intestinal cell differentiation can be modeled in vitro by treatment of colon cancer cells with the HDAC inhibitor sodium butyrate, which induces cell-cycle arrest, differentiation, and apoptosis (19) . As shown in Fig. 2 , C and D, PTEN mRNA and protein were markedly induced in Caco-2 colon cancer cells treated with sodium butyrate. Finally, we examined PTEN expression along the crypt-villus axis in human small intestine by immunohistochemistry. Consistent with its induction during cell maturation in vitro and in the mouse small intestine, PTEN expression was maximal in the differentiated compartment in human small intestine (Fig. 2E) . Collectively, these findings indicate that PTEN expression is induced during intestinal cell differentiation in vitro and in vivo.
Intestinal-specific PTEN deletion does not affect cell proliferation or cell fate determination. To determine the effect of PTEN deletion on proliferation rates of cells in the crypt base in the small intestine, mice were injected with BrdU 2 h before death, and BrdU positivity was assessed by immunohistochemistry. As shown in Fig. 3 , no expansion of the proliferative zone was evident in mice with PTEN inactivation (Fig. 3A) , and quantification of the number of BrdU-positive cells per crypt demonstrated no significant difference between PTEN
WT
and PTEN
Lox/Lox /villin Cre mice (Fig. 3B) . Consistent with this finding, there was no significant difference in crypt-villus height in the jejunum of PTEN WT (95.7 Ϯ 9.0 cells/hemi crypt-villus axis, n ϭ 13) and PTEN
Lox/Lox
/villin
Cre mice (94.1 Ϯ 11.1 cells/hemi crypt-villus axis, n ϭ 17, P ϭ 0.68, unpaired t-test). The effect of intestinal-specific PTEN deletion on the presence of the four major intestinal epithelial lineages was also examined. No gross differences in alkaline phosphatase or alcian blue staining were evident between WT and PTENdeficient mice, indicating maturation of the absorptive and goblet cell lineages, respectively, were not altered by PTEN inactivation (Fig. 4, A and B) . Likewise, hematoxylin and eosin staining demonstrated no major difference in either the morphology or frequency of Paneth cells located at the base of the crypts in the small intestine, which was confirmed by staining with the Paneth cell marker lysozyme (Fig. 4, C and D) . Finally, no difference in the number of enteroendocrine cells was observed between PTEN WT and deficient mice, as demonstrated by staining and quantification of the number of cells staining positive for the neuroendocrine marker chromagranin A (Fig. 4E) . 
PTEN-deficient mice develop invasive tumors in the small
/villin
Cre mice developed intestinal tumors (19%, P ϭ 0.145 Chi square test) (Fig. 5A) . Two of the three mice with tumors developed tumors in the small intestine (duodenum and jejunum), and one mouse developed a cecal tumor. Histopathological examination of these tumors demonstrated that the small intestinal tumors were tubulovillous adenomas (Fig. 5, C and D) , and the cecal tumor was a moderately differentiated adenocarcinoma arising within a tubulovillous adenoma (Fig. 6) .
To determine the mechanistic basis for tumor formation in PTEN Lox/Lox /villin Cre mice, we stained these tumors with an anti-␤-catenin antibody to determine whether aberrant activation of Wnt signaling was involved. As shown in Fig. 5 , E and F, clear nuclear ␤-catenin staining was evident in the adenomas derived from PTEN Lox/Lox /villin Cre mice, which was comparable to the ␤-catenin staining pattern observed in adenomas derived from Apc 1638 mice (Fig. 5H ). This finding indicates that activation of Wnt signaling is a component of intestinal tumorigenesis driven by loss of PTEN. To determine whether the presence of nuclear ␤-catenin in these tumors was induced by PTEN loss, or the consequence of random deregulation of the Wnt pathway, we examined the frequency of nuclear ␤-catenin staining in the normal mucosa of PTEN WT and PTEN Lox/Lox /villin Cre mice. In the normal mucosa, no difference in the frequency of nuclear ␤-catenin staining was observed between WT and PTEN-deficient mice, which is consistent with previous reports (26) . Moreover, as shown previously, nuclear ␤-catenin staining was predominantly in Paneth cells located in the base of the crypts (Fig. 7) . These findings imply that the nuclear ␤-catenin staining observed in tumors derived from PTEN-deficient animals likely arose from stochastic activation of Wnt signaling, such as mutation or epigenetic alteration of the Apc or CTNNB1 (␤-catenin) genes.
In addition, we also examined whether the tumors arising in PTEN-deficient animals showed evidence of activated AKT signaling. As shown in Fig. 5I , tumors arising in PTENdeficient animals showed robust cytoplasmic pAKT staining that was not evident in tumors derived from Apc 1638 mutant mice (Fig. 5K) . These findings indicate that aberrant activation of both Wnt and AKT signaling is a feature of tumors arising in PTEN-deficient mice.
pH2AX expression is not altered in PTEN-deficient mice. Independent of its role as a negative regulator of PI3K/AKT signaling, PTEN has also been shown to play a role in the maintenance of chromosomal integrity through facilitating DNA double-strand break (DSB) repair (24) . To determine whether the frequency of DSBs was increased in the normal intestinal epithelium upon PTEN inactivation, we examined pH2AX expression in the jejunum of WT and PTEN
Lox/Lox
/villin
Cre mice, and in tumors derived from PTEN-deficient mice (Fig. 8) (21), although the latter are detected at lower frequencies.
A number of mouse models of PTEN inactivation have been reported previously (4, 10, 22) . Constitutive inactivation of PTEN results in embryonic lethality, whereas PTEN heterozygous animals are prone to the development of a wide range of tumors, including in the intestinal tract (4, 22) . However, the majority of these intestinal tumors are lymphoid polyps or lymphoid polyps with epithelial hyperplasia (22) . Likewise, He et al. (10) used Mx1-Cre to inactivate PTEN in the intestinal epithelium and a variety of other cell types, including stromal cells, and observed the formation of hamartomatous intestinal polyps. Recently, two groups reported that PTEN inactivation specifically in the intestinal epithelium enhances Apc-initiated intestinal tumorgenesis (14, 20) . However, neither group reported the onset of intestinal adenomas following inactivation of PTEN alone.
In the current study, we demonstrate efficient intestinalspecific deletion of PTEN using a Cre/Lox strategy. Consistent with PTEN's role as a major inhibitor of the proproliferation/ prosurvival PI3K/AKT signaling pathway, pAKT levels were increased in the normal crypts of PTEN-deficient mice; however, no significant differences in the rate of cell proliferation were evident. These finding are consistent with those recently reported by Marsh et al. (20) but differ somewhat from Langlois et al. (14) , who observed a small but statistically significant increase in cell proliferation upon PTEN inactivation.
We also observed that PTEN expression is induced during differentiation of intestinal epithelial cells, in both human and mouse, using a variety of approaches. Despite this, PTEN deletion had no discernable effect on lineage-specific cell differentiation, with cells comprising the four major cell lineages present at levels similar to those in WT animals. It remains possible that PTEN deletion may result in more subtle effects on terminal cell differentiation, as recently suggested by Langlois et al. (14) , who observed decreased expression of markers of the secretory cell lineages upon intestinal-specific deletion of PTEN, which could be sufficient to perturb mucosal homeostasis.
Most notably, we observed that PTEN inactivation alone is sufficient to initiate intestinal tumorigenesis, with 19% of mice in our cohort developing intestinal tumors, including adenocarcinomas. There is, however, a lengthy lag period, with tumors only observed in animals at 12 mo of age, suggesting that tumor development requires the accumulation of other stochastic events. To determine the mechanism of tumor development in PTEN-deficient mice, we explored a number of mechanisms. First, PTEN has previously been shown to play a role in DSB DNA repair (24) , suggesting PTEN inactivation may facilitate tumor formation through increased genomic instability. However, no clear evidence of increased DSBs, as assessed by pH2AX staining, in either the normal mucosa or in tumors derived from PTEN Lox/Lox /villin Cre mice was observed, suggesting enhanced DNA damage is unlikely to be a key mechanism of intestinal tumor formation in PTEN-deleted mice.
In contrast, and consistent with PTEN's role as a negative regulator of the proproliferative/prosurvival PI3K/AKT signaling pathway, tumors derived from PTEN-deficient mice demonstrated strong pAKT expression, indicating constitutive activation of the PI3K/AKT signaling pathway. In addition, tumors arising in PTEN-deficient mice demonstrated strong nuclear ␤-catenin staining, indicating activation of Wnt signaling, a key pathway in the initiation of the vast majority of colon cancers. Notably, PTEN deletion had no effect on nuclear ␤-catenin levels in the normal mucosa, suggesting the nuclear ␤-catenin observed in tumors derived from PTEN-deficient mice likely arose from random activation of the Wnt pathway. These findings, combined with the long latency of tumor onset and the formation of adenocarcinomas, which typically require the accumulation of multiple mutational events, support a model of tumorigenesis whereby constitutive activation of PI3K/AKT signaling induced by PTEN inactivation promotes rapid clonal expansion of rare cells that stochastically acquire constitutive activation of Wnt signaling.
In summary, we demonstrate that intestinal-specific PTEN deletion has no major effect on intestinal homeostasis but does result in an increased incidence of tumor formation. These findings further confirm PTEN's role as a bona fide tumor suppressor gene in intestinal cancer.
